Abstract: Many analgesics and their metabolites are renally excreted. The widely used Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)-estimated glomerular filtration rate (eGFR) equations are not developed for use in the elderly, while the recent Berlin Initiative Study (BIS), Full Age Spectrum (FAS), and Lund-Malmö revised (LMR) equations are. This observational study investigated differences between creatinine-based eGFR equations and how the choice of equation influences dosage of analgesics in elderly (≥70 years) patients admitted with acute hip fracture. eGFR was calculated by the CKD-EPI, BIS, Cockcroft-Gault (CG), FAS, LMR, and Modification of Diet in Renal Disease (MDRD) equations. Standard daily dose for postoperative pain medications ibuprofen, morphine and gabapentin was simulated for each equation according to dosage recommendations in Renbase ® . For 118 patients, mean eGFR from the CKD-EPI, BIS, CG, FAS, LMR, and MDRD equations was 67.3 mL/min/1.73 m 2 , 59.1 mL/min/1.73 m 2 , 56.9 mL/min/1.73 m 2 , 60.3 mL/min/1.73 m 2 , 58.9 mL/min/1.73 m 2 , and 79.1 mL/min/1.73 m 2 , respectively (p < 0.0001). Mean difference to CKD-EPI was −10.4 mL/min/1.73 m 2 to 11.8 mL/min/1.73 m 2 . Choice of eGFR equation significantly influenced the recommended dose (p < 0.0001). Shifting to BIS, FAS, or LMR equations led to a lower recommended dose in 20% to 31% of patients. Choice of eGFR equation significantly influenced dosing of ibuprofen, morphine, and gabapentin.
Estimated Glomerular Filtration Rate
Mean eGFR from the CKD-EPI, BIS, CG, FAS, LMR, and MDRD equations are given in Table 2 . Mixed models with renal function estimate values showed that the BIS, CG, FAS, LMR, and MDRD equations were all significantly different from CKD-EPI (p < 0.0001). The BIS, CG, FAS, and LMR equations yield significantly lower eGFR than CKD-EPI, with a mean difference ranging from −7.0 mL/min/1.73 m 2 to −10.4 mL/min/1.73 m 2 . The MDRD equation yields significantly higher eGFR than CKD-EPI, with a mean difference of 11.8 mL/min/1.73 m 2 (p < 0.0001).
No differences in eGFR were found by comparison of the BIS, FAS and LMR equations (p ≥ 0.142). The CG equation yields significantly lower eGFR than all other equations, with a mean difference of −2.0 mL/min/1.73 m 2 to −22.2 mL/min/1.73 m 2 p ≤ 0.030). Finally, the MDRD equation yields an eGFR significantly higher than all other equations, with a mean difference of 11.8 mL/min/1.73 m 2 to 22.2 mL/min/1.73 m 2 (p < 0.0001). Table 2 . Estimated eGFR (mL/min/1.73 m 2 ) and mean difference in eGFR values between the CKD-EPI standard equation and the five alternative eGFR equations (n = 118). p-values illustrate differences compared with the CKD-EPI equation. 
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CKD Re-Classification Compared with the CKD-EPI
The distributions of CKD stages based on the eGFR equations are shown in Table 3 . The CKD-EPI equation classified 79 patients (66.9%) in CKD stages 1-2, and only 39 patients (n = 33.1) in CKD stages 3-5. The BIS, FAS, and LMR equations classified between 53 patients and 59 patients (44.9% to 50.0%) in CKD stages 1-2, and between 59 patients and 65 patients (50.0% to 55.1%) in CKD stages 3-5. The CG equation showed similar classification patterns as BIS, FAS, and LMR, but 70 patients (59.3%) were classified in CKD stages 3-5. In contrast, the MDRD equation only classified 32 patients (27.1%) in CKD stages 3-5. Table 4 shows the agreement of CKD classification between the eGFR equations.
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CKD Re-Classification Compared with the CKD-EPI
The distributions of CKD stages based on the eGFR equations are shown in Table 4 Figure 1 and Table 5 show the potential changes in doses for ibuprofen, morphine, gabapentin when switching between the CKD-EP, BIS, CG, FAS, LMR, or MDRD equatio Recommended doses for all three analgesics were statistically significantly different with CKDcompared to the other eGFR equations (p ≤ 0.0078). No differences in recommended ibuprofen ≥ 0.85). Table 3 . Classification of chronic kidney disease stages based on the six different creatinine-based eGFR equations. Data are represented as the number (percentage) of participants in each chronic kidney disease stage (n = 118). Figure 1 and Table 5 show the potential changes in doses for ibuprofen, morphine, and gabapentin when switching between the CKD-EP, BIS, CG, FAS, LMR, or MDRD equations. Recommended doses for all three analgesics were statistically significantly different with CKD-EPI compared to the other eGFR equations (p ≤ 0.0078). No differences in recommended ibuprofen and morphine doses were found between BIS, FAS and LMR equations (p ≥ 0.125). However, gabapentin dose recommendations were significantly lower with the LMR equation compared to the BIS and FAS equations (p ≤ 0.0001). All recommended doses for all three analgesics were statistically significantly lower with CG compared to the other eGFR equations (p ≤ 0.0287), except for gabapentin based on the LMR equation (p = 0.1082). Finally, all recommended doses for all three analgesics were statistically significantly higher with MDRD compared to the other eGFR equations (p ≤ 0.0078).
Shift in Recommended Prescription Dose of Ibuprofen, Morphine, and Gabapentin
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Shift in Recommended Prescription Dose of Ibuprofen, Morphine, and Gabapentin
Overall, shifting from CKD-EPI to BIS, FAS, or LMR would result in a lower recommended dose of gabapentin and morphine for 34 to 35 patients (29% to 30%) and 24 to 29 patients (20% to 25%) for (Table 5) . Recommended doses for ibuprofen, morphine, and gabapentin would be reduced according to renal function in over half of patients by using BIS, CG, FAS, or LMR, while they would be reduced in only one quarter of patients when using CKD-EPI or MDRD. Furthermore, ibuprofen and morphine would be contraindicated in about twice as many patients by using CG, FAS, or LMR instead of CKD-EPI, BIS, or MDRD.
significantly lower with CG compared to the other eGFR equations (p ≤ 0.0287), except for gabapentin based on the LMR equation (p = 0.1082). Finally, all recommended doses for all three analgesics were statistically significantly higher with MDRD compared to the other eGFR equations (p ≤ 0.0078).
Overall, shifting from CKD-EPI to BIS, FAS, or LMR would result in a lower recommended dose of gabapentin and morphine for 34 to 35 patients (29% to 30%) and 24 to 29 patients (20% to 25%) for ibuprofen (Table 5) . Recommended doses for ibuprofen, morphine, and gabapentin would be reduced according to renal function in over half of patients by using BIS, CG, FAS, or LMR, while they would be reduced in only one quarter of patients when using CKD-EPI or MDRD. Furthermore, ibuprofen and morphine would be contraindicated in about twice as many patients by using CG, FAS, or LMR instead of CKD-EPI, BIS, or MDRD. 
Discussion
In the current study, estimates of renal function obtained with six equations were compared and the impact of their use for postoperative pain management in elderly hip fracture patients was assessed. It was found that the CG, BIS, FAS, and LMR equations estimated GFR significantly lower than CKD-EPI, while the MDRD equation estimated GFR significantly higher. These differences between GFR estimates based on the six equations led to significant differences in standard dosing of ibuprofen, morphine, and gabapentin according to renal function in 20-31% in elderly hip fracture patients.
eGFR Equations Based on Creatinine and Elderly
As expected, the recently developed BIS, FAS and LMR equations estimated GFR lower than CKD-EPI and classified considerably more patients in CKD stage III or below (<60 mL/min/1.73 m 2 ) [29, 33, 34] . The CKD-EPI equation based on creatinine is recommended by KDIGO [25] and used internationally in clinical practice. However, there are several drawbacks to using this equation in elderly acutely hospitalized patients. First, the CKD-EPI equation was not developed to estimate GFR in the elderly; rather, it developed to improve GFR estimation >60 mL/min/1.73 m 2 in adults [24] , but optimization of prescription is primarily relevant at low renal function (<60 mL/min/1.73 m 2 ). A possible explanation for CKD-EPI performing poorly in elderly patients with low renal function is that the cohort in which CKD-EPI was developed only contained 4% (n = 217) over 70 years [24] . The more recent BIS, LMR and FAS equations were, however, developed in populations with a higher percentage of elderly patients. BIS was developed in a cohort where all patients were above 70 years (n = 610) [29] . LMR included 27% (n = 230) of patients over 70 years and was developed with the explicit goal of improving eGFR at lower levels of renal function [34] . FAS included 26% (n = 1764) patients over 70 years and was developed based on average GFR and age-normalized serum creatinine [33] .
Recent studies have found that the BIS, FAS and LMR equations based on creatinine have a higher percentage of estimates within 30% of the measured GFR (P30 accuracy) than CKD-EPI in elderly patients [35] [36] [37] . However, there is no consensus about which of these alternative equations is best. The MDRD equation overestimates GFR in the elderly [28] [29] [30] . Heldal et al. found that BIS, CG, FAS, and LMR were more accurate than CKD-EPI in stable elderly kidney transplant patients [38] , while results from several other studies have proven that CG underestimates GFR in the elderly [31, 32] . The BIS equation was developed specifically in elderly patients and seems to be Pharmaceuticals 2018, 11, 88 7 of 14 the most promising alternative to CKD-EPI. An in-depth review supports that BIS is most accurate in patients with GFR < 60 mL/min/1.73 m 2 [39] , and a direct comparison by Oscanoa et al. of BIS and CKD-EPI in elderly patients suggests that BIS is more accurate [40] . However, no studies have directly compared these creatinine-based equations among elderly acutely hospitalized patients. The findings in the current study highlight the high degree of variability among the equations and emphasize the importance of considering how this variability could affect prescribing of renal risk medications.
A general challenge of using creatinine to estimate renal function in elderly patients is the biomarker's dependence on age, sex, race, muscle mass, and nutritional status [41, 42] . The eGFR equations try to account for age, sex, and race. However, the association to muscle mass is particularly problematic in patients with low muscle mass, such as elderly, who will tend to have low baseline creatinine production. Segarra et al. studied the accuracy of CKD-EPI in hospitalized patients and found that CKD-EPI overestimates eGFR with a median bias of 2.7 mL/min/1.73 m 2 in patients over 70 years and 5.9 mL/min/1.73 m 2 in malnourished patients [43] . Median BMI among our acute hip fracture patients was only 22.4%, and 12% of the patients were underweight (BMI ≤ 18.5). Acute hip fracture patients are likely to be even more fragile than patients in the Segarra et al. cohort, so it is reasonable to expect that CKD-EPI also over-estimates eGFR in the current patient cohort presented here. Future studies should investigate which eGFR biomarker(s) and equation are most accurate for elderly frail hospitalized patients. These types of studies are needed to perform accurate pharmacokinetic studies in the elderly in drug development and for optimizing medication prescribing in the clinic
Renal Risk Medications and How to Meet the Challenge Clinical Practice
Inappropriate prescribing based on a patient's renal function is a well-known challenge. A study in Sweden by Helldén et al. found that 4.7% of all acutely hospitalized elderly patients were admitted due to adverse drug reactions related to impaired renal function [44] . Furthermore, it has been reported that 14% of elderly in primary care [45, 46] and 23% of elderly in the hospital [47] lack proper dose adjustment according to renal function. Since approximately 40% of all medications must be dosed according to renal function [21] , this clinical challenge applies to most medications used in postoperative pain management [7] . However, few studies have investigated how choice of eGFR equation influences dose recommendations in the elderly, and most of these studies only consider high-risk medications such as novel oral anticoagulants (NOACs). Results from two European studies in elderly patients showed that use of CG compared to CKD-EPI or MDRD results in lower eGFR values and lower recommended doses of NOACs [48, 49] . On the other hand, a third study from Canada found that CG gave higher eGFR values than both CKD-EPI and MDRD, although this patient cohort had a mean BMI of 28 kg/m 2 [50] . There is evidently still debate about which eGFR equation is best among elderly patients, and our own results emphasize that choice of eGFR equation has a direct influence on medication prescribing for postoperative pain management in elderly patients.
Postoperative pain management is essential for patient quality and patient related outcomes in fast track surgery, and careful dosing is required to avoid complications and hospital readmission. Overdosing of morphine, for example, can lead to serious adverse reactions such as CNS and respiratory depression as well as narcosis [7, 18] . Ibuprofen, morphine and gabapentin should all be avoided in patients with AKI due to the risk of accumulation of the substances, their metabolites and/or toxicity. To address this challenge in the clinic, dialogue with patients about their pain and medication dosing must be an integrated part of hospital ward rounds. Clinical-decision platforms or medication reviews should also be used in combination with patient dialogue to optimize prescribing practice. Lastly, clinicians treating elderly patients should consider use of pain medications with pharmacokinetic properties that make their effects less dependent on renal function. One example is oxycodone, which is metabolized in the liver to noroxycodone and oxymorphone [51] , while 14% of the initial dose is excreted through the kidneys unchanged [52] . The major metabolite noroxycodone its inactive [53] , and the active metabolite oxymorphone is formed only in minor amounts [51, 54] . Oxymorphone is excreted mainly as the inactive oxymorphone-3-glucuronide conjugate [55] . Taken together, this makes oxycodone a safer alternative to morphine in patients with reduced renal function. Gabapentinoids is excreted unchanged renally and should be doses strictly according to the renal function [20] . Alternatively, tricyclic antidepressants are often used to treat neuropathic pain and are also independent of renal function. Unfortunately, there are no such alternatives to ibuprofen, since nephrotoxicity is a problem for the entire NSAID class [19] .
Strengths and Limitations
The main strength of this study is that it identifies a daily clinical challenge of dosing renal risk medications in an unselected group of elderly hip fracture patients. This study also has several limitations. First, the current study lacks a gold standard for measuring GFR. Therefore, we compare the relative accuracies of each GFR equation and discuss how medication dosing would change by switching between equations. Second, this is a data simulation study and does not investigate clinical outcomes related to the simulation. Third, we simulate prescribing of NSAID to all patients in this study to show the clinical challenge of prescribing NSAID isolated to the choice of eGFR equation.
In general, all NSAIDs should be used with caution in elderly patients due to the risk of ulcers, bleeding, and heart failure [56] . Some patients in this study would probably not be candidates to receive ibuprofen postoperatively in clinical practice due to co-morbidities. Fourth, we only calculate the normalization of GFR to a standardized body-surface area of 1.73 m 2 . In drug development, the US Food and Drug Administration recommends the consideration of eGFR in relative or absolute values [57] , while the European Medicines Agency only recommends eGFR in absolute values [58] .
However, the finding of high variability between GFR equations should serve as a caution to clinicians who rely on only one equation in daily practice. Finally, this study is limited by the use of creatinine on the third postoperative day to define potential AKI. KDIGO guidelines suggest that a follow-up creatinine measurement should be taken at a later day to confirm AKI diagnosis [59] .
Materials and Methods
Ethics Approval
Registry-based studies do not need prior ethical approval in Denmark [60] . The study was approved by the Danish Data Protection Agency (j.no. 2014-41-3001). All data was anonymized prior to access for this study.
Design and Setting
This was an observational registry study performed in the acute hip fracture ward, orthopaedic department, Copenhagen University Hospital, Hvidovre, Denmark from 1 January to 1 April 2015. Inclusion criteria were: acute hip fracture. Exclusion criteria were: age below 70 years or acute kidney injury (AKI) on the third postoperative day.
In accordance with standard practice, pain management from pre-operation to the morning of fourth postoperative day consisted of epidural infusion of 4 mL/h bupivacaine, 0.125%, with 50 µg/mL morphine as well as oral paracetamol 4 g per day. The daily dose of paracetamol was reduced to 2 g in case of: mild to moderate hepatic impairment (Child-Pugh Class A or B), severe malnutrition, anorexia, BMI ≤ 18.5 kg/m 2 , chronic alcohol use or sepsis. Paracetamol was considered contraindicated in case of severe impairment (Child-Pugh Class C). During morning rounds of the third postoperative day, a pharmacological pain treatment was chosen to replace the epidural infusion. This pharmacological pain treatment consisted of ibuprofen, morphine or gabapentin, or a combination of the three in standard doses according to renal function and comobilities. Treatment was initiated immediately after the ward round to have an effect before discontinuation of epidural infusion on the following day. Oral paracetamol was continued in all patients. In this study, a suggested dose was simulated for each analgesic according to renal function on a patient-by-patient basis. The main outcome measures were Serum creatinine values were available for the first, second, and third postoperative day, as well as the highest and lowest values between admission and discharge. Serum creatinine was measured at the Clinical Biochemical Department at Hvidovre University Hospital, Denmark, on a Roche Cobas ® c 8000 701/702 (Roche Diagnostics International Ltd., Rotkreuz ZG, Switzerland) with a module instrument using the Roche Creatinine Plus version 2 IDMS-traceable enzymatic assay (coefficient of variation 1.4%) as recommended in KDIGO 2012 Guideline [25] .
eGFR was calculated using six creatinine-based equations: CKD-EPI [24] , BIS [29] , CG [27] , FAS [33] , LMR [34] , and MDRD [26] (see Appendix A). All equations account for age and sex. CKD-EPI and MDRD also adjust for race [24, 26] , while CG adjusts for body weight [27] . All GFR estimates were calculated relative to body surface area (mL/min/1.73 m 2 ), where standard body surface area (BSA) is set to 1.73 m 2 . For comparison with the other equations, creatinine clearance by CG was normalized per 1.73 m 2 of BSA using the DeBois and DeBois equation for calculating BSA [61] . The severity of renal impairment was determined for each equation and classified according to the 2003 National Kidney Foundation Kidney Disease Outcomes Quality Initiative Classification [62] . This classification system uses the following GFR value cutoffs as prescribing guidelines for renal risk medications: "normal GFR (CKD stage 1)" (eGFR ≥ 90 mL/min/1.73 m 2 ), "mildly decreased GFR (CKD stage 2)" (eGFR 60-89 mL/min/1.73 m 2 ), "moderately decreased GFR (CKD stage 3)" (eGFR 30-59 mL/min/1.73 m 2 ), "severely decreased GFR (CKD stage 4)" (eGFR 15-29 mL/min/1.73 m 2 ), or "kidney failure (CKD stage 5)" (eGFR < 15 (mL/min/1.73 m 2 ).
Acute Kidney Injury (AKI)
For the purposes of this study, renal function had to stable on the third postoperative day. Renal function was considered unstable in patients with AKI according to 2012 KDIGO guidelines. Ased on the 2012 KDIGO criteria, AKI was determined by the first KDIGO criterion, which is an increase in serum creatinine of ≥50% from baseline or ≥26.5 µmol/L within 48 h [59] . The lowest serum creatinine value from admission to discharge was used as baseline. Two time intervals were used to determine creatinine change within 48 h: first to second postoperative day, and second to third postoperative day. Patients meeting this definition of AKI were excluded.
Medications
For all patients, we simulated the total daily doses of oral formulated ibuprofen, morphine, and gabapentin the participants would be prescribed based on their renal function according to the six eGFR equations. In patients with eGFR ≥ 90 mL/min/1.73 m 2 standard doses of ibuprofen, morphine, and gabapentin, are 1600, 20, and 1200 mg, respectively.
In case of eGFR < 90 mL/min/1.73 m 2 recommendations for dose reduction according to renal function were determined for each GFR equation by recommendations in Renbase ® according to renal function [47, 63] . Renbase ® offers medication-specific dose adjustments for each stage of renal impairment. For ibuprofen, the dose recommendations are: 1600 mg for eGFR ≥ 60; 1200 mg for eGFR 30-59; and contraindicated for eGFR ≤ 29. For morphine, the dose recommendations are: 20 mg for eGFR ≥ 90; 15 mg for eGFR 60-89; 10 mg for eGFR 30-59; and contraindicated for eGFR ≤ 29. For gabapentin, the dose recommendations are: 1800 mg for eGFR ≥ 90; 900 mg for eGFR 60-89; 600 mg for eGFR 30-59; 300 mg for eGFR 16-29; and 150 mg for eGFR ≤ 15.
Statistical Analyses
A mixed linear model was used with patient ID modelled as a random effect and type of equation as fixed effect to evaluate differences in eGFR between the equations. Goodness of fit was checked by visual inspection of the following plots: histogram of residuals to inspect normal distribution, scatter plot of residuals versus predicted values to inspect variance homogeneity. To test the agreement between the five CKD stages calculated from the eGFR equations, a weighted kappa statistic (   Pharmaceuticals 2018, 11, x FOR PEER 
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Conclusions
In the current study, significant differences in eGFR based on the BIS, CG, FAS, LMR, and MDRD equations were found when compared with the CKD-EPI equation in elderly acute hip fracture patients. The CG, BIS, FAS, and LMR equations estimated GFR to be lower than CKD-EPI, while the MDRD equation estimated GFR to be higher. The BIS, FAS, and LMR estimates had a high level of agreement. Choice of eGFR equation in elderly acute hip fracture patients would have a significant impact on the dosing of ibuprofen, morphine, and gabapentin according to the renal function. Future research should focus on which eGFR equations and biomarkers are most accurate in the elderly population, and it is recommended that clinicians take caution when using creatinine-based equations to estimate the dose of renally excreted analgesics to elderly patients. 
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